Abstract-During pregnancy, the pregnant mother undergoes significant physiological changes in order to accommodate the developing fetus. In recent years, arterial pulse wave has been widely used to reflect these physiological changes. The aim of this study was to investigate the changes of radial pulse and photoplethysmography (PPG) pulse waveform characteristic with gestational age in normal pregnant women. 40 pregnant women volunteers were recruited from February 2016 to September 2016 from the Haidian Maternal & Child Health Hospital in Beijing. Both radial pulses and PPG pulses were recorded simultaneously using a PowerLab data collection system at a sampling rate of 1000Hz for offline analysis. Their pulses were measured from each pregnant woman at three trimesters (first trimester between week 11-13; second trimester between week 20-22 and the third trimester between week 37-39). Three waveform characteristics (total pulse area; pulse area1: the area before the notch position; pulse area2: the area after the notch position) were derived. The results showed that the total pulse area and pulse area2 from both radial and PPG pulses decreased significantly between two paired consecutive trimesters (all P<0.01, except the comparisons between the second and third trimesters for PPG pulses). In summary, this study has quantified the pulse waveform characteristic differences in terms of pulse areas between the three trimesters, providing useful scientific evidence to better understand the cardiovascular physiological changes during normal pregnancy.
I. INTRODUCTION
During pregnancy, the pregnant mother undergoes significant physiological changes in order to nurture and accommodate the developing fetus. These changes begin after conception and affect different organ systems in the body, including cardiovascular, hematologic, metabolic, renal, and respiratory systems [1] . Increased blood sugar, breathing, and cardiac output are some of the expected changes that allow a pregnant woman's body to facilitate the growth and development of the fetus during pregnancy. For most women with normal pregnancy, these changes reverse after delivery with minimal residual effects. It is therefore physiologically important to understand the normal physiological changes during normal pregnancy as this may help identify abnormal changes. Kunyan It is well accepted that arterial pulse waveform contains extremely useful information in association with physiological and pathological changes of cardiovascular system. The waveform shape, including the rhythms, the amplitude of the wave and the speed of how fast the arterial pulse travels, has been used to reflect the physiological and pathological changes of the human cardiovascular system [2] [3] . In practice, arterial pulses are often obtained from the wrist using pressure sensor (radial pulses) or from the fingertip using optical sensors (PPG pulses). Pulse wave analysis is a non-invasive, cheap method. It has been widely used to detect changes of physiological characteristics clinically. Specifically, analysis of both the radial and PPG pulse waveform characteristics is an effective method to evaluate the cardiovascular function [4] [5] . Some published studies employed pulse wave shape analysis to assess mechanical aspects of arterial aging [6] . The total arterial pulse area and the areas before and after the notch position have been investigated by Wang et al to investigate their changes during exercise and recovery [7] , and concluded that these waveform characteristics are useful in better understanding the physiological changes.
In recent decades, some researchers have attempted to understand pulse wave change during pregnancy in association with hemodynamic changes. The brachial-ankle pulse wave velocity has been used to evaluate the arterial stiffness during pregnancy on postpartum [8] . To the best of our knowledge, the changes of total pulse area, the pulse areas before and after the dicrotic notch position have not been comprehensively investigated during pregnancy. In addition, these waveform characteristic derived from the PPG pulse have not been compared with the corresponding changes from the radial pulses during pregnancy.
The aims of this study were to quantify the difference of arterial pulse waveform characteristics between the three trimesters in normal pregnancy women, and compare their differences between the waveform characteristics derived from PPG and radial pulses.
II. METHODS

A. Subject information
In 
B. Arterial pulse measurement procedure
The arterial pulse measurements were performed in a quiet clinical measurement room at the Haidian Maternal & Child Health Hospital, China. All the pregnant women were asked to sit quietly for 5 minutes to achieve stable heart rate. Resting blood pressure and heart rate were measured from each individual using a validated electronic sphygmomanometer (HEM-7124 from Omron Crop.) before the simultaneous measurements of the radial pulse and PPG pulses. A pressure sensor was placed on the left wrist to record the radial pulses for 3 minutes using a PowerLab data collection system (ADInstrumrnts Pty Ltd., PowerLab 8/35, Bella Vista NSW 2153, Australia) at a sampling rate of 1000Hz. Simultaneously, PPG pulses were recorded from an optical sensor placed on the left index finger.
For each pregnant woman, three visits were required for three pulse measurements at the three trimesters (first trimester between week 11-13; second trimester between week 20-22; third trimester between week 37-39).
C. Pulse waveform characteristics determination
All the recorded radial pulses and PPG pulses from each measurement were firstly processed to remove baseline drift. They were then normalized to get normalized radial pulse waveform and normalized PPG pulse waveform, as shown in Fig.1 . First and second derivatives of the normalized waveform was analyzed to find the notch point (N point, as show in fig.1 ), corresponding to the maximum point after the first zero-crossing point in first derivative. The detection of notch point was also manually checked. Finally, from the normalized pulse waveforms, three waveform characteristics were extracted, including the 'total Pulse Area' under the waveform (which was computed from the normalized pulse waveform as: Total Area = ∫ ( ). Y(t) is the waveform of radial and PPG pulses, t range from 0 to 100.
D. Statistical analysis
The mean ± SD of all the basic clinical parameters (heart rate, blood pressure) and the pulse waveform characteristics (PPG total pulse area, PPG pulse area1, PPG pulse area2, radial total pulse area, radial pulse area1, and radial pulse area2) were calculated across all the pregnant women separately for the PPG and radial pulses, and for the three trimesters. Analysis of variance after adjusting for blood pressure and post hoc multiple comparisons were then performed using SPSS to compare whether there were significant differences in these arterial waveform characteristics between the three trimesters. A p<0.05 was used as the significant criterion for all the parameters. 
III. RESULTS
A. Heart rate and blood pressure difference between the three trimesters
As show in Table 2 , the average heart rate increased significantly from 81±11 beats/min at the first trimester to 92±13 beats/min at the third trimester of pregnancy (P<0.05). The corresponding changes of blood pressure were 114±10 mmHg vs 109±11 mmHg for SBP (P=0.01), and 72±10 mmHg vs 69±10 mmHg for DBP (P=0.12). Fig.2 shows the means and SDs of the total pulse area, radial pulse area1, and radial pulse area2 derived from the radial pulses at the three trimesters in normal pregnant women. At the first trimester, the total pulse area, pulse area1 and pulse area2 were maximum. Their corresponding values were 43.0±4.1 for the total pulse area, 30.8±3.1 for pulse area1, 12.3±2.4 for pulse area2. From the first trimester to the third trimester, it clearly shows that all the pulse areas derived from the radial pulses decreased significantly (all p<0.05 for two paired consecutive trimesters, except the comparison between the first and the second trimesters for pulse area1). Fig.2 . Comparsion of the total pulse area, pulse area1, pulse area2 of the radial pulses recorded from three different trimesters. Fig.3 shows the means and SDs of total pulse area, PPG pulse area1, and PPG pulse area2 derived from the PPG pulses at the three trimesters in normal pregnancy women. At the third trimester, all of PPG pulse areas values were minimum. Their corresponding values were 47.2±4.4 for the total pulse area, 33.1±2.4 for pulse area1, 14.1±3.5 for pulse area2. The analysis showed that the total pulse area and pulse area 2 at the third trimester were significantly decreased in comparison with the first trimester (both P<0.05).
B. Radial pulse waveform characteristics difference between the three trimesters
C. PPG waveform characteristics difference between the three trimesters
It is also shown that area2 and total area of radial and PPG pulses had a similar changing trend, which significantly decreased with gestational trimester. However, the changes of area1 from 1 st to 3 rd trimesters performed differently between radial and PPG pulses. In detail, radial pulse area1 decreased continuously, but PPG pulse area1 increased then decreased from the first trimester to third trimesters. Fig.3 . Comparison of total pulse area, pulse area1, pulse area2 of the PPG pulses recorded from three different trimesters.
IV. DISCUSSION AND CONCLUSION
In this study, the arterial pulse waveform characteristics (including the total pulse area, pulse areas before and after dicrotic notch points) derived from the normalized radial pulse waveform and the normalized PPG pulse waveform have been quantitatively and compared between the three trimesters during pregnancy.
This study demonstrated that the total pulse areas of both the radial and PPG pulses decreased gradually with gestational weeks. It has been reported that increased cardiac ejection could lead to a narrowed main wave and dicrotic wave [9] . Meanwhile, increased muscle metabolism causes muscle vasodilation and decreased muscle vascular resistance [10] , resulting in lower diacritic notch point and a decreased total pulse area with gestational weeks. The physiological changes in ejection function, peripheral resistance and blood vessel elasticity during pregnancy has reflected in the total pulse area changes as demonstrated in this study [11] .
Next, the decreased normalized radial pulse area1, radial pulse area2, and PPG pulse area2 have been observed in this study at the third trimester in comparison with the first trimester, expect the PPG pulse area1. It has been accepted that the pulse waveform area before the dicrotic notch point (pulse area1) mainly reflects the systolic characteristics, which is influenced by cardiac function, and the pulse waveform after the dicrotic notch point (pulse area2) mainly reflects the diastolic characteristics, which is affected by peripheral resistance and vessels compliance [12] . The increased ejection function and decreased peripheral resistance have been reported during pregnancy, resulting in the decreased pulse area1 and pulse area2 as observed in this study.
It is known that both the radial and PPG pulses have been widely used to evaluate cardiovascular function [13] [14] [15] . Although the physiological principle of the two pulses could be different, it has been accepted that PPG pulse and radial pulse wave are consistent in reflecting the cardiovascular function in quiet conditions [16] . In this study, it shows that these parameters derived from normalized radial pulse waveform and normalized PPG pulse waveform had similar changes trend although there was some slight differences in pulse area 1, suggesting that further investigation is required with a large number of subjects. In addition, only three measurement points were performed during pregnancy in this study, more measurements from different gestational weeks are worthy of further investigation.
In summary, this study has quantified the pulse waveform characteristic differences in terms of pulse areas between the three trimesters, providing useful scientific evidence to better understand the cardiovascular physiological changes during pregnancy.
